Abstract Field observations have previously identified rapid cyclic changes in the behaviour of the lava lake of Erebus volcano. In order to understand more fully the nature and origins of these cycles, we present here a wavelet-based frequency analysis of time series measurements of gas emissions from the lava lake, obtained by open-path Fourier transform infrared spectroscopy. This reveals (i) a cyclic change in total gas column amount, a likely proxy for gas flux, with a period of about 10 min, and (ii) a similarly phased cyclic change in proportions of volcanic gases, which can be explained in terms of chemical equilibria and pressure-dependent solubilities. Notably, the wavelet analysis shows a persistent periodicity in the CO 2 /CO ratio and strong periodicity in H 2 O and SO 2 degassing. The 'peaks' of the cycles, defined by maxima in H 2 O and SO 2 column amounts, coincide with high CO 2 /CO ratios and proportionally smaller increases in column amounts of CO 2 , CO, and OCS. We interpret the cycles to arise from recharge of the lake by intermittent pulses of magma from shallow depths, which degas H 2 O at low pressure, combined with a background gas flux that is decoupled from this very shallow magma degassing.
Introduction
The composition of gases emitted by volcanoes is the result of a complex set of conditions, including initial magma composition, pressure, temperature, ascent pathways, and the degree of physical and chemical coupling between gas and melt. The interaction between gas and melt is a key control on the nature of volcanic activity. Inverse modelling of plume gas measurements to characterise their origins therefore provides insights into the deeper processes driving surface behaviour.
If the measured gas species are in thermodynamic equilibrium, the pressure and temperature conditions for a given composition can be calculated from known equilibrium constants, provided that sufficient numbers of redox equilibria are constrained (e.g. Gerlach and Nordlie 1975; Giggenbach 1987) . However, interpreting degassing history is complicated since the composition of the gas phase changes as magma ascends. With an increasing body of experimental work to understand the solubility and redox relationships of different volatile species, thermodynamic models for degassing that incorporate empirical solubility laws are becoming available (Burgisser et al. , 2015 Alletti et al. 2014) .
Erebus volcano on Ross Island, Antarctica, is an excellent natural laboratory to study magma degassing from a longlived lava lake. The phonolite lake emits gases continuously in a passive manner, with only sporadic explosive ejection of lava bombs beyond the lake due to large bubble bursts (Gerst et al. 2013) . Focusing on the passive degassing regime in Editorial responsibility: P. Wallace Electronic supplementary material The online version of this article (doi:10.1007/s00445-015-0941-z) contains supplementary material, which is available to authorized users. December 2004 , Oppenheimer et al. (2009 identified cycles of 4 to 15 min in plume gas ratios, in which peaks in SO 2 /CO 2 and HCl/CO ratios, and also in H 2 O, SO 2 , and HF abundances coincided with increased rates of lake surface motion and heat loss. These cycles, which they associated with bidirectional flow in the conduit, are key to understanding the processes that sustain the lava lake. Oppenheimer et al. (2009) argued for two sources of passive degassing with distinctive signatures: a 'conduit gas' rich in CO 2 and a 'lake gas' rich in H 2 O and SO 2 . In this model, CO 2 -rich conduit gas exsolves continuously at depth. When the gas approaches the surface, it passes through permeable magma in the conduit without being significantly modified. In contrast, lake gas is derived from shallow degassing of magma slugs that episodically (on the quasi-10-min cycle) enter the lake, increasing its motion and heat emissions. The episodic delivery of magma batches could reflect unsteady flow conditions in the upper conduit, associated with the nature of exchange flow (e.g. Witham and Llewellin 2006; Huppert and Hallworth 2007) . The cycle was subsequently identified in other parameters, including SO 2 flux (Boichu et al. 2010 ) and lake elevation (Jones et al. 2015) , while Peters et al. (2014) demonstrated its persistence over a decade of observations.
The behaviour of the full set of gas species (H 2 O, CO 2 , CO, SO 2 , HF, HCl, OCS) measured by Fourier transform infrared (FTIR) spectroscopy was not evaluated in detail by Oppenheimer et al. (2009) . Furthermore, there was no attempt to search for leads and lags in gas composition (i.e. to consider whether the timing of cycles is identical between gases, or whether phase differences occur, reflecting redox and solubility controls). The clarity of the cycles depends on dispersal of the plume above the lake-often, gases re-circulate in the crater, hiding the cycles. Here, we focus on a particularly clear set of cyclic gas observations made on 18 December 2004. What makes this dataset stand out from comparable FTIR spectroscopic data obtained at Erebus over a decade of field seasons are the clear cycles in the column amounts (CAs) of all seven gases (online resource 1).
The retrieved gas compositions are analysed using wavelet transforms, which are well suited to investigation of nonstationary signals (i.e. signals that may have fundamental changes in frequency content over time) in volcanic gas data (Oppenheimer et al. 2009; Spampinato et al. 2012; Tamburello et al. 2013; Pering et al. 2014) . We take advantage of the clarity of cycles in gas CAs to study differences in phase and power of the cycles between gas species. Potential source regions for the measured gas compositions are then examined using the D-Compress model (Burgisser et al. , 2015 . Our overall aim is to come closer to understanding the processes driving pulsatory behaviour of the Erebus lava lake. We expect the analysis to inform interpretation of comparable cyclic behaviour observed at other volcanoes (e.g. Spampinato et al. 2012; Pering et al. 2014 ).
Methods

Field methods and retrievals
Field methods and analysis procedures follow Oppenheimer and Kyle (2008) and Oppenheimer et al. (2009) . A telescopemounted MIDAC M-4402-1 FTIR spectrometer with an indium-antimonide detector was set up on the crater rim, viewing the surface of the lava lake at a distance of about 300 m (Fig. 1) . Successive batches of eight interferograms were co-added (yielding time steps of about 8.5 s). More than 4000 measurements were collected spanning over 10 h of observation (03:16 to 13:42 UTC, 18 December 2004). Conditions were clear and sunny with light wind, and the optical path intersected the plume close to its source within tens of seconds after emission (Fig. 1) , with limited contribution from previously released gases. The 10-in. Newtonian telescope provided a nominal field of view of 3 mrad (i.e. a footprint on the lake of order 1 m).
Gas CAs were retrieved following Burton (1999) . This retrieval code synthesises a spectrum containing the gases of interest over a prescribed spectral window, using the HITRAN database (Rothman et al. 2009 ) and Reference Forward Model (online resource 1). Seven magmatic gases were retrieved: H 2 O, CO 2 , CO, SO 2 , HF, HCl, and OCS. The model gives a 'goodness of fit', which is the fitting error between calculated and measured spectra. This was used to screen out poor quality data (we present here only retrievals with errors below 5 %, except for OCS and HF, for which fitting errors were higher and up to 10 % was accepted). Corrections were required for the contribution of atmospheric CO 2 and H 2 O to measured CAs. The data were divided into contiguous batches of spectra, each spanning about 100 min. For each segment, background CO 2 and H 2 O amounts were given by the y-intercept of a linear regression against CO (whose background abundance is negligible). These values were subtracted from the corresponding retrieved CAs to yield the volcanic CO 2 and H 2 O quantities.
Wavelet power spectra
Wavelet power spectra can reveal the presence or absence of periodicity in time series. They provide better time and frequency localisation than Fourier transform-based methods and so are more suitable for analysing periodicity in nonstationary time series (Torrence and Compo 1998) . We used a Morlet wavelet and the code of Grinsted et al. (2004) . We applied an initial Fourier resampling of the data to provide a time series with uniform steps. Wavelet periodograms were generated showing the power spectra, which represent the strength of the periodicity at different times and for different periods, for the CA time series of each gas (online resource 2).
Wavelet coherence was used to compare periodicities between gases. Coherence was derived from normalisation of the cross-wavelet spectrum by smoothed functions of each of the input power spectra. Cross-correlation calculates shared power between two sets of wavelet transforms, revealing strong periodicities common to both datasets. Coherence, however, is not dependent on power and shows common periodicity between two datasets regardless of the strength of the original periods (Torrence and Compo 1998; Torrence and Webster 1999) . It also shows phase relationships between the two datasets.
The following plots were generated:
(i) Time series plots showing temporal variations of gas CAs and gas ratios (e.g. Fig. 2 ) (ii) Scatter plots between pairs of gases ( Fig. 3 ) (iii) Wavelet periodograms of gas CAs, showing the power of periodicities found within the time series measurements of each gas (Fig. 4 ) (iv) Coherence plots based on wavelet coefficients of two individual datasets (e.g. gases)-these show the coupling of the periodicity in both gases, even in areas of low power periodicity (Figs. 5 and 6) (v) Wavelet periodograms of gas ratios, showing periodicity of the relationship between two gases (Figs. 6 and 7)
Interpretations of wavelet plots
Areas of strong periodicity common to any two gas CAs, as shown by high power in their individual wavelet periodograms (e.g. Fig. 2 ), were considered to reflect a common degassing process and/or a direct relationship between those two gases. When these areas are restricted to certain period bands, the common process was inferred to be cyclic.
High cross-wavelet correlation, while it may indicate areas of strong periodicity that are common to both gases, was not in itself a good indicator of linked processes, as high periodicity in one gas CA can cause apparent high correlation (Grinsted et al. 2004) . Instead, high coherence between CAs of two gases was interpreted as an indicator of common influences on degassing. When high coherence between two CAs of gases extends over many periods, rather than being limited to bands of strong periodicity, this indicated a coupling between the two gases independent of the common cyclic degassing process.
Finally, we considered strong periodicities in the ratio of two species. If both gases contained the same periodicities in their CA periodograms as in the periodogram of their ratio, the periodicity may be due to one gas being more strongly influenced by the cyclic degassing than the other. A more specific case was when a gas pair was highly coherent across periods and the periodogram of the ratio between the two gases showed a strong periodicity band. Given generally high coherence, we could expect the common cyclic process to affect both gases similarly, such that no periodicity occurred. The presence of strong periodicity in their ratio was taken to indicate that the common process may be causing their relationship to change cyclically.
D-Compress
The D-Compress thermodynamic model is based on experimentally determined solubility laws for key species (H 2 O, CO 2 , H 2 , SO 2 , H 2 S) and redox equilibrium equations for gaseous carbon-, oxygen-, hydrogen-, and sulphur-bearing species (Burgisser and Scaillet 2007; Burgisser et al. 2012; Alletti et al. 2014) . Given relative proportions of these volatiles as gas ratios, CO 2 /H 2 O, CO 2 /CO, OCS/SO 2 , CO 2 /SO 2 , and optionally CO 2 /HCl, and assuming that the gases are at equilibrium, D-Compress calculates equilibrium temperature at a given pressure. It can then perform backward 'recompression' of the equilibrium gas composition to calculate the previous composition at a higher pressure. Recompression can be 'gasonly', i.e. gas is decoupled from melt, or closed-system, in which melt and gas are coupled and the porosity (gas volume fraction in the magma) at the surface is specified.
The version of the model used here incorporates solubility laws for phonolites. Water solubility is derived from experimental data obtained for Erebus anorthoclase phonolite; however, sulphur and carbon dioxide solubility laws derive from experimental data for other phonolites ). Here, D-Compress was used to calculate equilibrium temperatures based on our gas measurements, assuming a melt density of 2455 kg m −3 (Molina 2012 ) and local atmospheric pressure (620 hPa). We also attempted backward tracking using selected gas compositions, following procedures described in Burgisser et al. (2012) .
Results
Gas retrievals from FTIR spectra
Overall, H 2 O is the dominant gas by volume measured at Erebus, about 60 to 70 mol%, followed by CO 2 (20-35 %), CO (1-3 %), SO 2 (1-2 %), HF (<2 %), HCl (<1 %), and OCS (<0.01 %). Figure 2 shows time series plots for our circa 10-h dataset. Total CA, as well as the CA of all individual gases, varies cyclically. Note that troughs of the cycles are generally wider and flatter than peaks. The cycles are not smooth, as they contain local maxima and minima, with the former showing a greater range of amplitudes than the latter, but individual cycles lack consistent skew. Peak heights are more variable than troughs, and the mean CA for each time series is consistently higher than the median, reflecting the narrow and high shapes of the peaks.
Bivariate plots (Fig. 3) show varying degrees of scatter for different pairs of gases, ranging from tightly constrained (CO 2 /CO) to more scattered (HF/HCl). This scatter is consistent with cyclically changing gas ratios; accordingly, the slopes of linear regressions that provide an envelope to the data correspond to maximum and minimum ratios through the set of cycles. Figure 4 shows the periodograms of CAs for the total gas and the seven measured gas species. There is a recurrent periodicity between 512 and 1024 s, which is strongest at about 10 min. Some periodograms (e.g. H 2 O, CO 2 ) show significant periodicity at 2048-4096 s, which is apparent also in data from other years (e.g. 2010, not shown). There are higher power periodicities above 4096 s but these retrieved from FTIR spectra for each volcanic gas species in this study, with corrections for background CO 2 and H 2 O. b Time series of total gas CA, derived from the sum of the seven volcanic gas species. Note cycles of approx. 10-min duration in all gases and total gas CA extend beyond the 'cone of influence', where edge effects prevail.
Wavelet analysis
In the coherence plots (Figs. 5 and 6), there is a very low coherence band between about 1024-3600 s on the period axis, in which there are no periodicities and the behaviours of any two gases do not appear linked. The low coherence bands are present in the coherence plots of most gas pairs and are therefore unlikely to be due to inadequate background corrections for H 2 O and CO 2 . CO-CO 2 (Fig. 6 ) has very high coherence overall, but even for this pair, there is lower coherence in the 1024-to 3600-s band compared to other periods.
At higher frequencies, strong periodicities are less common, but coherence is generally high for many gas pairs, for example SO 2 -OCS (Fig. 5 ) and CO-CO 2 (Fig. 6 ), suggesting that changes in output for both gases coincide at White area is outside the cone of influence due to edge effects from the wavelet. Black contours mark 5 % significance from significance tests described by Grinsted et al. (2004) . Note prominent high power at a period of 600 s (dotted black line) in all plots high frequencies. Regions with ephemeral high power over a wide period range may arise from small (<3 min) data gaps ('Wavelet power spectra'; online resource 2). Adapting the filtering procedure to avoid gaps requires including retrievals with high fitting errors, which also cause high-frequency periodicity. A comparison of wavelets generated with and without filtering and resampling showed that this does affect wavelet results, particularly at high frequencies, but that the structures at lower frequencies persist. We therefore neglect here the high-frequency perturbations. Figure 7 shows periodograms for selected gas ratios. Some ratios, such as SO 2 /OCS, H 2 O/HCl, and to a lesser extent CO/ 
D-Compress model output
Equilibrium temperature D-Compress runs indicate high equilibrium temperatures, up to and above 1100°C, for gas compositions at the surface (Fig. 8) . This is consistent with previous calculations of lake temperature using the same model . However, it is significantly higher than various other estimates summarised by Calkins et al. (2008) and those based on phase equilibrium experiments conducted on Erebus phonolite, which indicate a magma temperature of 925-975°C (Moussallam et al. 2013) . The reason for this discrepancy remains unclear, and it remains to be determined which methodology is yielding the most accurate estimates of temperature. In the light of this uncertainty, we focus on relative changes in our computed equilibrium temperatures. An unexpected result is the phase difference between total gas CA and the equilibrium temperatures calculated by DCompress ( Fig. 8 ; phase arrows in coherence plot). Equilibrium temperature apparently leads total gas CAdominated by H 2 O-by between one eighth and half a cycle (out of phase), which in a 10-min cycle represents about 75- 300 s. Conversely, it is possible that gas CA leads with a phase difference exceeding 300 s. We find that the troughs of cycles correspond to a higher equilibrium temperature than the peaks. If the cycle peaks represent the combination of pulsatory 'lake' and persistent 'conduit' gas emissions, the difference between these peaks and the conduit gas at the trough can be used to approximate the contribution of lake gas (Oppenheimer et al. 2009 ). Such calculations give slightly lower equilibrium temperatures for lake gas compared to those for conduit gas (e.g. Table 1 ), but this difference is within uncertainty for DCompress results.
Recompression
Gas compositions representative of conduit and conduit + lake compositions based on cycles in total gas CA were used for recompression runs with D-Compress. We also used the differences between respective maximum and minimum points (Table 1) , corresponding to lake compositions. Similar results are obtained when cycles are defined using total CA or equilibrium temperature.
We assume that the two end-members for composition changes during ascent are gas-only, controlled by pressure, and closed-system, which is influenced both by pressure and by volatile solubilities. In recompression plots (Fig. 9) , the span of compositions between closed and gas-only ascent is thus the potential source region for observed surface gas compositions. A rising magma batch is more closely represented by a closed-system pathway, in which gas and melt in the batch re-equilibrate during ascent, than by a gas-only system. Gas rising through a porous conduit is a semi-open system likely to follow an intermediate path between closed and gas-only systems. If the gas percolates long enough to cause a conduit containing stagnant melt to fully re-equilibrate with it, it behaves as a gas-only system. Figure 9 shows an example of CO 2 /OCS plotted as a function of pressure (i.e. depth) during different recompression runs. The modelled ascent pathways are closely grouped, mostly due to the small differences in composition at the surface. If the conduit and lake gases are from the same source, and differentiate due to a change in the extent of gas-melt coupling, then the minimum depth by which this occurs is indicated by the divergence between their ascent pathways ). Here, we observe overlap of the conduit and lake source regions, i.e. the area between closed and gas-only ascent, from just a few bars of pressure and downwards. This is within model error, so we cannot distinguish a minimum depth, showing that the end-member gas compositions could differentiate at very shallow depths (even within the lake).
Discussion
The periodogram for total gas CA (Fig. 4) shows, for most of the measurement duration, a cyclic change with a period of about 600 s. The consistent duration and persistence of the cycles, as well as the identification of comparable cycles in heat flux, lake motion (Peters et al. 2014) , lake surface elevation (Jones et al. 2015) , and SO 2 flux (Sweeney et al. 2008; Boichu et al. 2010) , indicate a source process affecting gas flux from the lava lake. We expect that due to steady plume rise on the day of measurement, the CAs retrieved from this FTIR dataset serendipitously represent a proxy for gas flux. The shapes of the cycles are also significant; they are symmetrical about their vertical axes but peaks are narrower than troughs. A sudden escape of gas through the lake (Patrick et al. 2011b ) might cause a sharper rise in measured gas amount and asymmetry in the cycle shape about the vertical axis. Fig. 8 Wavelet coherence (WCT) and time series of total gas CAs (blue) and equilibrium temperature (green) calculated using D-Compress. Note periodicity in temperature appears irregular and out of phase (see phase arrows) with periodicity of gas CAs. Coherence between temperature and total gas CA is also irregular at 10-min period
To show that CAs for all seven gas species follow the same cycle as the total CA (which is likely to be dominated by H 2 O), we refer to their coherence plots (Figs. 5 and 6 ). The phase arrows on these plots show that, for most gas pairs, cyclic changes in both gas CAs at the 10-min period occur nearly in phase, such that total gas amount changes cyclically. Pairs that are not directly in phase always have differences of less than 90°(one quarter of a cycle), so all gases have approximately the same cycles and phases as total CA, but not all gas CAs reflect the cycles to the same extent and the small phase differences are often variable. Gas ratios also change cyclically, and many periodograms generated from gas ratios (Figs. 6 and 7) exhibit 10-min periodicity, showing that some gases change more than others during the cycles.
CO-CO 2
Cycles are present in CO and CO 2 at multiple periods (Fig. 4) , but most consistently at the 10-min period. The continuous bands at longer periods only represent two to three cycles. For most gas pairs, phase relationships between their CAs in the 10-min band, shown by the arrows on the cross-wavelet transform plots, change slightly over the measurement duration. The CO-CO 2 pair maintains the steadiest phase relationship. This, together with the high coherence between CO and CO 2 CA wavelet transforms (Fig. 5) , is consistent with an established thermodynamic equilibrium in the lava lake, most likely due to the relationship: Cycles defined here by (i) observed variation in total gas CA (upright; see Fig. 9 ) and (ii) calculated equilibrium temperature (italicized) a Ratios at cycle trough, used for 'conduit' equilibrium temperature calculation b Ratios at cycle peak, for 'conduit + lake' calculation c Difference between peak and base of cycle, for 'lake' calculation 'Conduit + lake' -closed system 'Conduit' -closed system 'Lake' -closed system 'Conduit + lake' -gas only 'Conduit' -gas only 'Lake' -gas only Fig. 9 Recompression from D-Compress for compositions corresponding to 'conduit + lake', 'conduit', and 'lake'. Compared to other ratios, CO 2 /CO is less variable, ranging between about 13 and 15 (Fig. 3) , though this is larger than the span of 13.3-13.5 reported by Oppenheimer et al. (2009) .
However, there are high-power cycles in the CO 2 /CO periodogram, although periodograms for other ratios involving CO 2 or CO do not show such clear periodicity. If the reaction equilibrium were stable throughout the total CA cycles, then, due to the high coherence between the two gases, we would expect to find no cycles in their ratio. Taking their ratio should eliminate common components such as a fixed ratio or cyclic processes that affect both gases equally. The fact that strong cycles persist in the ratio shows that cyclic changes affecting gas amounts over 10-min periods also affect relative proportions of the two gases.
The cause for the changing CO 2 /CO could be related to gas and heat input to the lake from the pulsatory magma supply proposed by Oppenheimer et al. (2009) , although it may also be related to redox conditions. The peak of the total gas cycle generally corresponds to more oxidised conditions (higher CO 2 /CO). According to Burgisser et al. (2012) , redox reactions occur rapidly in gas-buffered systems, accounting for CO 2 /CO ratio changing over a similar timescale to that of the total gas CA cycle. In 'Equilibrium temperatures and redox conditions', we consider whether the range of observed CO 2 /CO observed could also result from temperature variations.
SO 2 -OCS
Of the sulphur-bearing species, measurements are only available for SO 2 and OCS. Recent studies have not detected H 2 S at Erebus (Moussallam et al. 2012) , although small amounts have been reported previously (Sheppard et al. 1994) . The SO 2 CA shows well-defined high-power cycles (Fig. 4) . Some cycles are apparent in the CA of OCS, but these are less clear than for other gases. Despite this, coherence plots of CO-OCS, CO 2 -OCS, and to a lesser extent SO 2 -OCS (Fig. 5) , all show relatively large areas of high coherence distributed over most periods, with a low coherence band around 2048 s. Significant areas in coherence plots of the CAs for SO 2 with CO and CO 2 are smaller. Assuming a constant temperature, we expect equilibrium between these species in the magmatic gas to be established according to:
If this were dominating the signal, we could expect high coherence between all four gases across periods. However, coherence plots involving SO 2 have smaller significant areas, while its CA is strongly periodic. We infer that SO 2 degassing is driven by solubility and affected to a lesser extent by redox reactions. This, combined with tight coupling between CO and CO 2 , may explain the lower coherence of SO 2 with other gases. The OCS CA, two orders of magnitude less than SO 2 CA, is more affected by the redox equilibrium and therefore has higher coherence with the other gases. All four gases are generally in phase, with slight phase differences that may reflect the time taken for re-equilibration.
H 2 O
High power periodicities at 10 min are clear in H 2 O CAs (Fig. 4) . As H 2 O is a relatively soluble species, there is likely to be magma input to shallow levels associated with the 10-min cycle. The observation that SO 2 and H 2 O are both strongly periodic is evidence for cycles being dominated by magma influx and shallow degassing. H 2 O often leads SO 2 slightly (Fig. 5) , and this might reflect a delay between changes to shallow magma input and degassing (and thus total gas CAs) and the redox reactions between gas species.
Halogens
Coherence between HCl and HF (Fig. 5) is highest at the 10-min band, suggesting that the similarity in their degassing behaviour is promoted by this cycle. Coherence plots for HF with H 2 O and SO 2 have strong periodicity at 10 min. The wavelet periodogram for HF CA has a higher power periodicity at 10 min than does that for HCl, but the periodogram of ratios involving HF with H 2 O (Fig. 7) , CO, CO 2 , SO 2 , or OCS does not show this periodicity. Ratios involving HCl generally do have strong 10-min periodicity (e.g. H 2 O/HCl, Fig. 7) .
The clear periodicity of HF is similar to that seen in the periodograms for H 2 O and SO 2 , which could reflect an increase towards the top of the cycle as a magma batch enters the lake. However, transient phase differences between species such as H 2 O and HF suggest that incoming magma batches may not be degassing as a fully closed system. Figure 8 shows that total gas CA (dominated by H 2 O) is out of phase with calculated equilibrium temperatures (affected by CO 2 , CO, SO 2 , and OCS). This contrasts with the relationship observed between lake surface temperatures measured by thermal infrared imagery at the top of the pulsatory cycle (Oppenheimer et al. 2009; Peters et al. 2014 ). However, surface temperatures will reflect rates of resurfacing of the lake and the area of incandescent fissures on the lake surface, which can be unrelated to gas equilibration temperatures controlled by deeper processes. We also cannot exclude the possibility that the gases are in disequilibrium during part, or all, of the cycle.
Equilibrium temperatures and redox conditions
To determine whether changing lake temperatures would alone be sufficient to cause the variation in CO 2 /CO, we consider the temperatures required to generate the range of observed CO 2 /CO, assuming fixed oxygen fugacity (fO 2 ) and equilibrium between these two species.
The equilibrium constant, K p , for Eq. 1 is given by:
where X Y is the molar fraction of gas Y, given by the CA of Y divided by the sum of the seven retrieved volcanic gases. It can also be expressed as a function of temperature, T (in K), calculated using standard thermochemical tables (Chase et al. 1986 ):
We can then fix fO 2 at any value and calculate equilibrium temperatures for measured CO 2 /CO ratios. Taking as a reference a logfO 2 of −11.9 (Kelly et al. 2008) , Eqs. 3 and 4 give a temperature range of 1007-1064°C. The range of equilibrium temperatures calculated with D-Compress is greater than that required to explain the range of CO 2 /CO ratios at fixed fO 2 . This suggests that both temperature and redox changes occur during the cycles.
Similarly, from Eq. 2, we can use the relationship:
where P is the pressure, with the equilibrium constant
to calculate equilibrium temperature at a given pressure. At an atmospheric pressure of 620 hPa, a temperature range of about 1083-1110°C is sufficient to generate most (90 % of) values observed for X CO2 2 ·X OCS /X CO 3 ·X SO2 . For the range of CO 2 / CO measured, these temperatures correspond to logfO 2 of about −9.9 to −10.4, or approximately QFM−0.5 to QFM −0.8. This is a conservative estimate as, if separate lake and persistent conduit gases are present but not in equilibrium with one another, the lake gas equilibrium conditions have lower temperatures than those calculated for the top of the cycle when both compositions are mixed (Table 1) . Given the phase differences between gases, one possibility is that changes to redox equilibria are detected ahead of the arrival of magma batches, through gas escape during their ascent.
Modes of degassing
We summarise the key observations as follows:
(i) There is noticeable periodicity in the CO 2 /CO ratio that could be caused either by shifting fO 2 and/or temperature within the lake or by a different gas composition introduced by increased shallow degassing at the peak of the cycles. (ii) CO and CO 2 CAs are very coherent and in phase, but other species have slight, variable phase differences between them.
(iii) The peak of the cycle affects shallow degassing species (H 2 O, SO 2 , and HF) most, as noted by Oppenheimer et al. (2009) . (iv) The shape of the cycles is consistent with perturbation from a background level of degassing resulting in gradual increases and decreases in CAs of gases measured, matching observations by Peters et al. (2014) about the shape of cycles in thermal imagery of the lava lake.
Any model to explain these observations must account for continuous gas supply and magma convection to maintain heat output, without much loss of mass. The Oppenheimer et al. (2009) model explains both the persistence of Erebus lava lake through bidirectional flow (Kazahaya et al. 1994; Stevenson and Blake 1998; Huppert and Hallworth 2007) and the degassing cycles. Conduit gas rises through permeable magma in the conduit, while lake gas arrives coupled to the melt, in batches of magma entering the lake at ca. 10-min intervals. The lake composition is close to equilibrium with its melt. The bottom of the cycle is comprised of conduit gas, which re-equilibrates with the melt until approx. 150-m depth when permeability allows decoupling (Oppenheimer et al. 2011) .
Our results show, however, that it is also possible for the chemical decoupling of conduit gas and melt to occur at shallower depths. If we accept a pulsatory flow model (Fig. 10) , exsolved conduit gas could continue to reequilibrate with the melt until near the lake, before gas-only ascent through fractures below the crater. The lake is sustained by magma upwelling, potentially from the shallow magma body whose presence has been inferred by seismological analysis (Zandomeneghi et al. 2013) , located northwest of the lava lake at a depth of 650-700 m relative to its surface. This magma provides the more reduced lake gas, with relatively variable compositions, that mixes with the conduit gas of consistent composition. As in the Oppenheimer et al. (2009) model, the density contrast between degassed magma, which sinks down the same conduit, and ascending magma leads to bidirectional flow and pulsed magma ascent. Ascending magma batches are thus associated with peaks in the degassing cycles when conduit and lake gases mix.
Among alternative models for persistent lava lakes are those driven primarily by gas supply. Analogue experiments by reproduced cyclic recharge of a 'lava lake' owing to periodic suppression of gas ascent, instability, and sudden draining of the lake. Cycles in gas and thermal data at Kīlauea are attributed to gas pistoning (Patrick et al. 2011a, b; Spampinato et al. 2012) due to accumulation of a gas under a cooled lake surface. A pistoning mechanism at Erebus requires the minima of gas cycles to occur when degassing is suppressed, and the maxima during release. This allows gas types to differentiate at shallow depths but cannot fully explain the cycles. This type of gas pistoning and the model require rapid gas release and draining. Cycles in gas and thermal data (Peters et al. 2014) are not consistent with rapid gas release, nor do we observe the explosive activity (spattering) and draining that characterise pistoning at Kīlauea. Bouche et al. (2010) presented a gas-driven model in which large bubbles with a gas-rich wake of magma supply both gas and thermal input to Erta Ale lava lake. At Erebus, it is clear that degassing plays a key role in lake convection . However, there are extended periods lacking large bubble events and, more significantly, we observe high power periodicities in H 2 O, SO 2 , and halogen amounts that must be due to shallow degassing. Sufficient magma must enter the lake or shallow conduit to produce this increase in relatively soluble volatiles. Since the system loses negligible volumes of magma through eruptions, it must drain through the conduit, so we favour a model that includes exchange flow.
Small phase differences between cycles in most gases suggest the possibility that degassing is not always in equilibrium for more slowly diffusing species, e.g. S or CO 2 , within the melt . Magma batches may begin to behave as open systems during ascent, such that exsolution of some species or changes to redox equilibria are detected ahead of the batch entering the lake.
We have focused here on the 10-min periodicity but other periodicities at longer durations are apparent, as are bands of low coherence around 30 min and short-lived perturbations at high frequencies. The higher CO 2 /CO ratios seen in explosions suggest a deeper, more oxidised gas source and lower equilibrium temperatures possibly linked to adiabatic cooling . Bubbles with a faster ascent rate could release CO 2 -rich gas sourced from greater depths, with larger bubbles leading to explosive eruptions. Any model for passive degassing may have implications for interpreting the explosive activity at Erebus. Studies of high-frequency events over short timescales and of gas compositions during and after explosions could provide more information about both the mechanism of explosions and the source of magma that refills the lake. We note that viscosity of Erebus phonolite (Le Losq et al. 2015) is greater than that of the basalt at Stromboli and of other lava lakes (Tazieff 1994) , and this will affect the extent to which melt and gas are coupled during both passive and explosive degassing.
Conclusions
Based on wavelet analyses of spectroscopic measurements of gas emissions, we have identified two types of processes that generate the circa 10-min cycles in passive degassing at Erebus. The first is an increase in degassing shown by the change in a proxy for gas flux (gas column amounts), and affects all gases. The second process is the set of possible interactions between gas species present, through chemical redox equilibria and vapour phase partitioning, that determine relative changes in gas amounts. Strong periodicities in shallow degassing species such as H 2 O and SO 2 are consistent with an episodic magma supply into the lake. Persistent cyclicity at the same period in CO 2 /CO ratio suggests that changing temperature and redox conditions are associated with this influx of magma.
We calculated thermodynamic equilibrium temperatures for the gases observed and found these to lead total gas column amounts by one eighth to half a cycle (out of phase), CO2-rich conduit gas SO2+H2O-rich lake gas + conduit gas
≈20 m
Conduit + lake gas a c b Fig. 10 Model of degassing based on Oppenheimer et al. (2009) . Dashed arrows represent 'conduit' (white) and 'lake' (black) gases. Solid arrows indicate magma exchange flow and convection. a Minima of total gas CA cycles: background degassing sustained by conduit gas, exsolved from continuously ascending magma at depth or shallower open-system degassing, decoupling only at shallow depths. b Added degassing from incoming magma batches gives variable plume compositions that relate to mixing, shifting redox and temperature conditions, potentially causing peaks or troughs in some gas emissions before magma enters the lake. c Maxima of thermal radiance and total CA cycles: increased gas output with higher H 2 O, SO 2 , and halogen content due to shallower exsolution from the magma batches about 75-300 s. Total column amount increases due to shallow magma input, but gas compositions and equilibrium temperature are not tightly phase-locked. This could be a result of different rates of re-equilibration between gases and/or changes to surface gas composition ahead of the arrival of a magma batch, due to open-system degassing. Gases equilibrated under different conditions may mix in the plume so that the measured compositions are not in equilibrium.
Gas compositions representative of conduit and lake compositions were used for recompression modelling. We find that both compositions could, theoretically, be generated at shallow depths, including within the lake, i.e. tens of metres depth, regardless of degassing style. Cyclic changes in gas composition result from the mixing of these gases in variable proportions as magma approaches and enters the lake.
